Aeroallergens produced by Alternaria alternata can elicit life-threatening exacerbations 33 of asthma in patients sensitized to this fungus. In this study, the effect of Alternaria on ion 34 transport mechanisms underlying mucociliary clearance and airway epithelial barrier function 35 was investigated in human airway epithelial cells. Apical exposure to Alternaria induced an 36 increase in anion secretion that was inhibited by blockers of CFTR and Ca Alternaria also decreased transepithelial resistance and a portion of this affect was dependent 43 on the increase in ROS. However, the Alternaria-induced increase in unidirectional dextran (mw 44 = 4000 Da) flux across the epithelium could not be accounted for by increased oxidative stress. 45
Introduction 56
Alternaria alternata is a saprophytic fungus with worldwide distribution (15;47). Although 57 considered primarily as an outdoor fungus, it is also found in damp, poorly ventilated buildings 58 (33;40). Alternaria spore counts are generally highest during warm, dry and windy weather 59 conditions in late summer and early autumn (17;41). These spores contain some of the most 60 potent airborne allergens capable of inducing IgE mediated allergic airway inflammation 61 (16;18;29;42). Moreover, asthma severity appears to be more strongly associated with 62
Alternaria exposure than with sensitization to other aeroallergens, including house dust mite and 63 pollens (18;29) . Alternaria spores are known to induce respiratory distress and airway hyper-64 responsiveness in asthma patients and individuals sensitized to Alternaria are more likely to 65 develop asthma than non-sensitized individuals (25;45). In some populations, sensitization to 66
Alternaria is particularly high, especially in farm workers where greater occupational exposure to 67
Alternaria spores frequently occurs (1;27;35;40;49). Furthermore, a study investigating the 68 effects of atmospheric CO 2 on Alternaria alternata revealed a three-fold increase in sporulation 69 and more than twice the level of antigenic protein content/spore in response to elevated CO 2 70 concentrations above 600 μmol mol -1 (52). These results suggest that continuing increases in 71 atmospheric CO 2 associated with global climate change will increase both the level of Alternaria 72 exposure and antigenicity of spores that come in contact with the airways. signaling that ultimately resulted in calpain-2 activation and subsequent processing and release 95 of IL-33 (19). Interestingly, the mycotoxin altertoxin (ATX) II, a perylene quinone-type 96 compound produced by Alternaria alternata was found to interact with the nuclear factor 97 erythroid-derived 2-like antioxidant response element (Nrf2/ARE) pathway in HT29 intestinal 98 epithelial cells to induce a concentration-dependent depletion of glutathione (GSH) within the 99 cytoplasm, suggesting that ATX II may constitute at least one component of Alternaria extract 100 that can produce oxidative stress (23) . 101
Exposure of airway epithelial cells to Alternaria allergens has also been shown to 102 significantly reduce barrier function (31). Measurements of transepithelial resistance (TER) and 103 FITC-labeled dextran (mw = 4000) showed that exposure to Alternaria extracts produced 104 concentration-dependent decreases in TER within 1 hour and increased apical-to-basolateral 105 5 flux of FITC-dextran after 24 hours of Alternaria exposure. Heat treatment of the extract was 106 effective at inhibiting the actions of Alternaria on epithelial barrier function, suggesting that the 107 activity of an enzyme within the extract was responsible for barrier disruption. Moreover, 108 experiments with various protease inhibitors including 4-(2-Aminoethyl) benzenesulfonyl fluoride 109 hydrochloride (AEBSF) suggested that serine proteases were the predominant class of 110 proteolytic enzymes responsible for the barrier disrupting effects of Alternaria allergens. 111
In the present study the effects of Alternaria aeroallergen exposure on ion transport 112 function of human airway epithelium was investigated using an immortalized airway epithelial 113 cell line with well characterized ion transport properties. Our objective was to define the 114 transport mechanisms that are stimulated by these allergens and to identify the underlying 115 signaling pathways responsible for their actions on the epithelium. Our experiments revealed 116 that Alternaria stimulates both Ca (ab59720) and β-catenin (ab32572) were purchased from Abcam (Cambridge, MA). Antibody 145 validations in human cells for E-cadherin (ab76055), ZO-1 (ab59720) and β-catenin (ab32572) 146 have been previously published (7;24;51). 147
Alternaria alternata extract 148
Alternaria extract was purchased from Greer Laboratories (Lenoir, NC). The precise 149 composition of the extract is unknown but earlier studies with human eosinophils indicated that 150 proteinases within the extract play an important role in mediating Alternaria activity (33 Data are presented as the mean ± SEM. Statistical significance was determined by 227 using an unpaired two-tailed t-test (for single comparisons) or an ANOVA followed by Dunnett's 228 post-test for multiple comparisons with a common control or an ANOVA followed by a Tukey's 229 post-test for multiple comparisons. A value of p< 0.05 was considered significant. 230
Concentration-response relationships were analyzed using PRISM 6 software (GraphPad 231 Software Inc., La Jolla, CA). 232
233

Results
234
Apical addition of Alternaria extract to monolayers of immortalized human bronchial 235 epithelial cells produced an increase in short circuit current (Isc) consistent with anion secretion. 236 Figure 1A and B shows the kinetics of Alternaria-evoked increases in Isc at concentrations of 50 237 and 100 μg/ml and a concentration-response relationship for Alternaria ranging from 50-200 238 μg/ml. The rate and magnitude of the Isc increase was found to be dependent on concentration. 239
However, stable measurements of Isc could not be obtained at Alternaria concentrations greater 240 than 200 μg/ml. Treatment of monolayers with the disulfonic stilbene derivative DIDS (250 μM), 241 an inhibitor of calcium-activated Cl -channels (CaCCs) as well as certain anion exchange 242 transporters (27;42) produced an initial rapid inhibition of Isc, followed by a slower, time-243 dependent decrease in current to baseline levels ( Figure 1C) . Similarly, pretreatment with 250 244 μM DIDS effectively abolished the increase in Isc typically observed following apical addition of 245 50 μg/ml Alternaria. A concentration-response relationship for DIDS is shown in Figure 1D . The 246 IC 50 value was calculated to be 100 μM based on a non-linear least squares fit using a three 247 parameter logistic function (Prism 6.0). The effect of an inhibitor of the A01 (TMEM16A) calcium 248 activated Cl -channel (CaCC inh -A01) was also tested and its effect on Isc is shown in Figure 1E .
-249
CaCC inh -A01 inhibited approximately 50% of the Alternaria-stimulated Isc and blocked the 250 further decrease in current produced by treatment with 100 μM DIDS, indicating that DIDS and 251
CaCC inh -A01 target a common apical transport pathway involved in anion secretion ( Figure 1E) . 252
Alternaria also stimulated CFTR-dependent anion secretion as indicated by inhibition of the 253
Alternaria stimulated Isc with CFTR inh -172 shown in Figure 1F . 254 Apical addition of Alternaria (50 μg/ml) also produced a large and sustained increase in 255 [Ca 2+ ] i (Figure 2A ] i induced by Alternaria is reported in figure 4F . These data 297 indicate that Alternaria-evoked oxidative stress underlies the increase in both ATP release and 298
Ca
2+ uptake that occurs following apical treatment with Alternaria. 299
The effects of Alternaria (100 μg/ml) and exogenously added hydrogen peroxide (0.5 300 mM) on epithelial barrier function was investigated by measuring both transepithelial resistance 301 (TER) and unidirectional (apical-to-basolateral) dextran (mw = 4000 Da) fluxes ( Figure 5) . 302
Exposure to Alternaria produced a decrease in TER from 760 ± 35 to 151 ± 4 Ω·cm 2 (n = 6) 303 over a period of 4 hours. This change in resistance reflects both the increase in transepithelial 304 13 Cl -conductance and an increase in tight junction ion permeability. Addition of 0.5 mM H 2 O 2 to 305 the apical solution also reduced the TER (674 ± 60 to 331 ± 18 Ω·cm 2 ; n = 6) but not to the 306 same extent as Alternaria after 4 hours ( Figure 5A) . Moreover, the time course of the H 2 O 2 307 response was appreciably slower compared to that of Alternaria, which caused nearly a 308 complete loss of resistance after 1 hour of exposure (note: the resistance of the filters alone = 309 ~100 Ω·cm 2 ). When monolayers were initially pretreated with 5 mM GSH and then exposed to 310 either H 2 O 2 or Alternaria, the effect of H 2 O 2 was completely blocked whereas the response to 311
Alternaria was only partially inhibited ( Figure 5B ). However, pretreatment of monolayers with 312 various proteinase inhibitors including PMSF (a pan-specific serine proteinase inhibitor), E64 (a 313 cysteine protease inhibitor) GM6001 (a pan-specific matrix metalloproteinase (MMP) inhibitor), 314 SB-3CT (an MMP2 and MMP9 inhibitor) and AEBSF (a pan-specific serine proteinase inhibitor) 315 each failed to inhibit the decrease in TER evoked by Alternaria ( Table 1) . As a control, we 316 tested the effects of a low concentration of trypsin (7 μg/ml) on TER and discovered that it 317 significantly increased resistance by >2 fold and sustained this increase for 4 hours in the 318 continuous presence of the enzyme. Pretreatment with a serine proteinase inhibitor (PMSF) 319 effectively blocked the rise in TER whereas E64, a cysteine proteinase inhibitor did not (Figure  320 5C). To determine if the effect of Alternaria on TER was due to activation of PAR2 receptors, 321
we tested the effects of the PAR2 activating peptide SLIGKV-NH 2 (20 μM) and found that it had 322 no effect on resistance after 4 hours of treatment (data not shown). The results of trypsin 323 experiments indicated that low concentrations of the enzyme do not reduce TER and in fact 324 cause an increase that can be blocked by a serine proteinase inhibitor, but is poorly blocked by 325 a cysteine proteinase inhibitor. However, these inhibitors at the same concentrations were 326 ineffective at blocking the Alternaria response. Figure 5D shows that Alternaria increases the 327 permeability of epithelial monolayers to macromolecules as indicated by an increase in the 328 unidirectional flux of dextran (mw = 4000) after 1 and 4 hours of allergen exposure. In contrast 329 pretreatment with AEBSF was ineffective at blocking the stimulated dextran flux after 4 hours, 330 although a significantly lower flux was observed after a 1 hour exposure to Alternaria (Figure  331 5C). H 2 O 2 had no significant effect on the dextran flux after 1 hour, however a significant 332 increase was detected after 4 hours. To determine if Alternaria or H 2 O 2 exposure for 4 hours 333 produced visible signs of monolayer destruction, we performed confocal imaging using 334 antibodies that labeled tight junction proteins including β-catenin, E-cadherin and ZO-1 (Figure  335 6). Our results indicated that epithelial integrity remained intact, with no observable disruption 336 of tight junctions or loss of epithelial cells, although some decrease in the intensity of β-catenin 337 and ZO-1 staining was observed in monolayers treated with H 2 O 2 . These findings support the 338 conclusion that Alternaria increases both ionic and macromolecular permeability of the 339 epithelium, but that these changes do not involve observable destruction of monolayer integrity 340 or junctional complexes between the epithelial cells. lubiprosone-stimulated ClC-2 currents with equal potency (13). Therefore, care must be taken 361 not to conclude that inhibition of anion transport by CFTR inh -172 results from CFTR inhibition 362 alone, especially in cells that are known to express both ClC-2 and CFTR. In a prior study, a 363 molecular approach involving the use of ClC-2 and ClC-3 deficient mice was used to rule out the 364 possible involvement of these ClC channels as contributors to the Cl -conductance present in 365 the basolateral membrane of airway epithelia (22). In the present study ClC-2/CFTR knockdown 366 experiments were not performed, therefore we are unable to exclude the possibility that ClC-2 367 channels may be contributing to Alternaria-evoked anion secretion. The disulfonic stilbene 368 compound DIDS, a known Ca 2+ -dependent Cl -channel inhibitor, produced a biphasic effect on 369
Isc resulting in complete inhibition of the Alternaria-evoked Isc response. The initial decrease in 370
Isc was consistent with rapid inhibition of anion channel activity, whereas the slow, time-371 dependent decrease in current appeared to involve a separate mechanism necessary for 372 sustained anion secretion. We speculate that the slow component of the DIDS response is 373 related to inhibition of Ca 2+ uptake and an associated decrease in [Ca 2+ ] i . 374
Alternaria exposure also produced a sustained increase in intracellular [Ca 2+ ] with 375 characteristics similar to results from earlier studies using primary human bronchial epithelial 376 TER following exposure to apical Alternaria (♦; 100 μg/ml) or H 2 O 2 (■; 500 μM) compared to 540 untreated controls (•) (n = 6 for each condition). B. Pretreatment with 5 mM GSH completely 541 blocks the inhibitory effect of H 2 O 2 on TER and partially inhibits the effects of Alternaria on TER 542 (n = 6). C. Effects of serine protease exposure (trypsin, 7 μg/ml) or Alternaria (100 μl/ml) on 543 TER before and after pretreatment with the serine protease inhibitor PMSF (0.5 mM) or the 544 cysteine protease inhibitor E64 (10 μM). 
